a blood supply that extends to the edge of a large HCC from the portal vein, and vascular recanalization, which increases the difficulty of a second TACE. [2, 3] Radiofrequency ablation (RFA) is a minimally invasive technique for the treatment of liver tumor and has the advantages of minimal invasiveness, rapid postoperative recovery, and proven efficacy. Thus, RFA has been an important nonsurgical alternative for the treatment of liver cancer. Liver cancers <3 cm in diameter can be radically cured by RFA, but radical treatment is not easy for large HCC. [4] [5] [6] Thus, for the treatment of large HCC, single nonsurgical interventional method usually has limited efficacy, and increasing attention has been paid to combination therapy of large HCC.
Studies have revealed that TACE combined with RFA may achieve better efficacy as compared with TACE alone or RFA alone, [7] [8] [9] but the timing and methodology of combined therapy are still controversial. Some clinicians proposed sequential treatment with TACE and RFA at an interval of 1-3 weeks with TACE being performed first, while others suggested RFA to be given first. In the recent years, some clinicians have attempted to employ cone-beam computed tomography (CBCT)-guided TACE in combination with immediate RFA for the treatment of large HCC. [10] [11] [12] This study retrospectively reviewed 66 patients with large HCC who received CT-angiography-guided TACE combining with simultaneously RFA (TACE + RFA) to investigate the feasibility, efficacy, and safety of this combined treatment. The hybrid imaging system combines angiography and CT Sliding Gantry with both systems sliding over the same table to quickly switch between modalities. Using the system, TACE was performed first, and plain CT was performed immediately thereafter, and then precise RFA targeted the lesions with poor lipiodol deposition.
MethoDs

Ethical approval
The study was conducted in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of Chinese People's Liberation Army General Hospital. Informed written consent was obtained from all patients prior to their enrollment in this study.
Clinical characteristics
HCC treatment was based on the guidelines of the American Association for the Study of Liver Diseases (AASLD) for the clinical treatment of HCC. HCC was confirmed by ultrasonography, CT, magnetic resonance imaging (MRI), serum alpha-fetoprotein (AFP) levels, and pathological examination. A total of 66 patients with large HCC, who received TACE + RFA between February 2010 and June 2016 in Chinese People's Liberation Army General Hospital, were included in this study.
The inclusion and exclusion criteria were based on National Comprehensive Cancer Network Guidelines for the treatment of primary liver cancer (2015) . [13] The inclusion criteria were as follows: (1) imaging examinations that showed a single lesion in the liver, the maximal diameter was ≥5 cm, and there were no indications for surgical resection or the patient refused to receive surgery; (2) Child-Pugh Grade was A or B; and (3) the expected survival time was longer than 3 months, and the Karnofsky score was ≥70. The exclusion criteria were as follows: (1) there was cancer embolus within the main portal vein or its left/right major branch, bile duct, inferior vena cava, or hepatic vein; (2) there was a hepatic arterialportal venous fistula or hepatic arteriovenous fistula; (3) there was extrahepatic metastasis; (4) there was severe coagulation dysfunction; (5) acute infection or chronic infection at an acute phase was present; (6) patients who had implantation of cardiac pacemaker; (7) patients who had mental disorder, a history of mental disorder, or a history of epilepsy; and (8) patients who were unable to receive TACE or RFA.
Each patient underwent a full physical examination, review of medical history, routine laboratory examinations (including routine blood tests, routine urine tests, routine stool tests, blood biochemistries, coagulation tests, D-dimer detection, serum evaluation, detection of tumor markers, serum cholinesterase detection, and quantification of HBV load), head CT, chest CT, plain and enhanced MRI of the liver, gallbladder and spleen, or plain and enhanced abdominal CT, and bone scan or positron emission tomography CT. The maximal diameter was determined by MRI or CT.
All patients received TACE guided by Miyabi DSA-CT (Artis Zee DSA and Emotion 16-slice CT, SIEMENS MIYABI, Munich, Germany) in the Department of Interventional Radiology, Chinese People's Liberation Army General Hospital, and received plain CT immediately after TACE without being transferred, and lipiodol deposition was observed. The imaging findings were compared with those taken before TACE, and the residual lesions were determined. If necessary, enhanced CT was performed by injecting contrast agent via the cannulated hepatic artery to confirm the residual lesions, based on the region designated for simultaneous RFA.
Interventional procedures
Transcatheter arterial chemoembolization TACE was performed using the DSA of Miyabi DSA-CT by specialists with at least 5 years of experience in interventional treatment. After routine sterilization, focal anesthesia with 1% lidocaine (10 ml) was given, and femoral arterial puncture was performed using the modified Seldinger technique. A 4F arterial sheath was inserted, followed by insertion of 4F arterial catheter (RH, Terumo, Japan) for selective celiac artery-hepatic arteriography and superior mesenteric artery angiography. A 3F microcatheter (RH, Terumo, Japan) was inserted for superselective chemoembolization. Three to five drugs were administered for chemoembolization including fluorouracil (500-1000 mg), calcium folinate (200-300 mg), pirarubicin hydrochloride (30-50 mg), oxaliplatin (100-150 mg), mitomycin (8-14 mg) , and hydroxycamptothecin (10-14 mg). Liquid drugs were administered directly, and powdered drugs were mixed with lipiodol for injection. If necessary, gelatin sponge and polyvinyl alcohol (PVA) granules (300-500 μm) were used for embolization. If collateral circulation was observed (from the thoracic internal artery, subphrenic artery, adrenal artery, or intercostal artery), collateral arterial embolization was performed simultaneously. [14, 15] 
Radiofrequency ablation
After TACE, patients were asked to lie in the supine position, followed by plain CT examination. The CT images were carefully reviewed and the regions with poor lipiodol deposition were identified by comparing the images obtained before TACE + RFA, and their relationship with the surrounding blood vessels, tissue structure, and major organs was analyzed. Then, the puncture site and approach were determined. After routine sterilization, focal anesthesia with or without basic anesthesia was performed. Under CT of Miyabi DSA-CT guidance, the RFA needle (Model 1500, RITA Medical System, Mountain View, CA, USA) was used to puncture the tumor with a radiofrequency of 460 kHz. The electrode needles were classified as either multipolar or unipolar. A multipolar electrode needle had a 14G external catheter and an internal 9 umbrella-like hook-shaped cluster electrode with a maximal diameter of 5 cm at its opening. The distance between needle tip and distal cancer was 3 cm. The RFA needle was localized in real time under CT guidance, and then the electrode needle was inserted into cancer and push out internal umbrella-like hook-shaped cluster electrode 3-5 cm slowly according to ablation area and the adjacent structure. Make sure that there is a safe distance from cluster electrode tip to other important organs and tissues (i.e., the diaphragm, gastrointestinal tract, gallbladder, hilar area containing large blood vessels, and bile ducts). When the lesion was close to an important structure or organ, lidocaine in saline was injected to separate the lesion from the organ or important structure. The RFA power used was 150-200 W, and RFA was performed for 15-20 min at a temperature of 105°C. The RFA coverage extended to the edge of each lesion, and then the needle was withdrawn and its direction was adjusted, followed by further RFA. When the lesion was at the edge of the liver or close to the important organ, ablation could be performed with the unipolar electrode. The UniBlate ™ unipolar electrode with a 17G external catheter (10-25 cm in length) had an area of ablation of 3 cm × 3 cm. After ablation, the needle was withdrawn, and the needle tunnel was ablated at 70°C-90°C to reduce the risk of hemorrhage, biliary fistula, or implantation metastasis via the needle tunnel. After RFA, the sheath in the femoral artery was removed and pressure was applied to the puncture for 10-15 min for hemostasis. Sterilized gauze was used as a pressure dressing at abdominal and groin puncture sites.
Postoperative management and follow-up
After surgery, routine electrocardiogram monitoring was continued for 24 h, and oxygen was administered at a low flow rate. Hydration, anti-infection precautions, liver protection, jaundice reduction, gastrointestinal motility promotion, laxatives, urine alkalization, and nutritional support were also administered after treatment. In the present study, antiviral therapy was administered to all patients who were positive for hepatitis B surface antigen. Analgesic drugs were prescribed if necessary. Detection of kidney and liver function, blood electrolytes, and routine blood tests were performed at 3-7 days after treatment. If fever accompanied by shaking chills was observed, blood was collected for culture, and antibiotics were adjusted according to the results of the bacterial culture. Liver and kidney function tests, blood electrolytes, routine blood tests, and cancer markers including AFP, carcino-embryonic antigen (CEA), and carbohydrate antigen 199 levels were measured 1 month after RFA. Either enhanced MRI or CT was performed to evaluate for residual cancer. If residual cancer was present, a second TACE + RFA, TACE alone, or RFA alone was performed, depending on the condition of the residual cancer. If there was no residual cancer, reexamination was performed once every 2-3 months (pre-, intra-, and post-operative images of a 69-year-old female receiving TACE + RFA twice [ Figure 1 ]; pre-, intra-, and post-operative images of a 54-year-old male receiving TACE + RFA twice [ Figure 2] ). The progression-free survival (PFS) and overall survival were determined, and cancer markers were detected.
Evaluation of therapeutic efficacy
The modified response evaluation criteria in solid tumor of AASLD were employed for the evaluation of therapeutic efficacy. On the basis of findings from enhanced MRI or CT, the therapeutic efficacy was evaluated and focal control rate was analyzed. Evaluation was performed as follows: (1) complete remission (CR): all the target lesions disappeared; (2) partial remission (PR): the maximal diameter was reduced by at least 30% as compared to that at baseline; (3) disease progression (PD): the maximal diameter increased by 20% as compared to the maximal diameter of the smallest lesion, or one or more lesions were observed; (4) stable disease: the condition between PR and PD. [16] The efficacy (response rate) was calculated as CR + PR. [17] Statistical analysis SPSS version 19.0 (IBM, Armonk, NY, USA) was used for statistical analysis. Quantitative data were expressed as mean ± standard deviation and compared using Student's t-test. A P < 0.05 was considered statistically significant.
results
Clinical characteristics
A total of 66 patients (39 males and 27 females) were included in this study. The mean age was 54.0 ± 11.3 years (range: 28-78 years). In addition, 57 patients were positive for AFP (>20 ng/ml) before TACE + RFA, and the remaining nine patients were negative for AFP. Forty-seven patients were positive for hepatitis B surface antigen, 10 patients were positive for hepatitis C antigen, and nine patients were negative for both. The maximal tumor diameter ranged from 5.2 cm to 19.7 cm (mean: 10.0 ± 3.3 cm). HCC measuring 5-10 cm in diameter was found in 38 patients and HCC >10 cm in diameter in 28 patients. Child-Pugh Grade A was found in 21 patients and Grade B in 45 patients.
Follow-up time
All the patients were followed up until they died or the cutoff date (January 2017). The shortest follow-up time was 6 months and the longest was 82 months. A total of 59 cases achieved 1-year follow-up after their first operations, 40 cases achieved 5-year follow-up after their first operations, and 33 cases achieved 5-year follow-up after their first operations. None was lost to follow-up.
Technique assessment
All the procedures were done smoothly in all the patients with a success rate of 100%, and severe complications were not observed during surgery.
Alpha-fetoprotein level
The change in postoperative AFP levels in 57 AFP positive patients at 1, 3, and 6 months after the first treatment is shown in Table 1 . Nine AFP-negative patients were also negative for AFP at 1, 3, and 6 months after TACE + RFA.
Short-term focal cancer control rate
Focal cancer control rates (equivalent to efficiency) were the sum of CR and PR rates. At 12 months, 7 patients had been followed up for a period of <12 months and four patients had died within 12 months and were excluded from the analysis. Short-term (within 12 months postoperation), focal cancer control rates were shown in Table 2 .
Liver function change
Transient increases in both alanine transaminase (ALT) and aspartate transaminase (AST) were observed in 66 patients at approximately 3 days after TACE + RFA, but they returned to normal levels at 5-7 days after TACE + RFA. The mean ALTs were 62.3 ± 17.1 U/L before TACE + RFA, and 156.9 ± 122.5 U/L and 63.4 ± 15.6 U/L at 3 and 7 days after TACE + RFA, respectively; and the mean ASTs were 81.3 ± 16.3 U/L before TACE + RFA, and 345.4 ± 178.2 U/L and 92.1 ± 21.3 U/L at 3 and 7 days after TACE + RFA, respectively. ALTs before TACE + RFA were significantly different from those at 3 days after TACE + RFA (t = −6.449, P < 0.001), but similar to those at 7 days after TACE + RFA (t = 0.126, P = 0.755). ASTs before TACE + RFA were significantly different from those at 3 days after TACE + RFA (t = −17.776, P < 0.001), but similar to those at 7 days after TACE + RFA (t = 0.177, P = 0.860).
Median survival time and progression-free survival
All patients subsequently did not receive other antitumor treatments thereafter such as chemotherapy, immunotherapy, radiotherapy, and targeted therapies during their follow-up period. Patients were followed up for 7-82 months and the survival time of all the patients was longer than 6 months. The shortest survival time was 7 months and the longest survival time was 82 months; the median survival time (MST) was 18.3 months; the mean PFS was 14.2 ± 6.2 months. 
Survival rate
The 1-, 3-, and 5-year survival rates were 93.2% (55/59), 42.5% (17/40), and 27.2% (9/33), respectively. There were 30 dead cases, among which six cases died of acute esophageal variceal bleeding, five cases died of hepatic encephalopathy, three cases died of multiple metastases of pulmonary combined with infection and respiratory failure, three cases died of obstructive jaundice, two cases died of hepatopulmonary syndrome, and the other 11 cases died of other complications of liver cancer, such as cachexia, rupture, and hemorrhage.
Postoperative complications
Severe complications related to TACE and RFA (such as severe infection, skin burn, heavy bleeding, liver abscess, ectopic embolization, diaphragmatic fistula, gallbladder and intestinal necrosis perforation, liver failure, or renal failure) were not observed in any of the 66 patients. The major postoperative complication was embolization syndrome. Varying severities of fever appeared in all the 66 patients. Moreover, the body temperature fluctuated between 38.1°C and 39.5°C. On the basis of numerical rating scale (NRS) criteria of pain, mild pain was diagnosed in 36 patients, moderate pain in 25, and pain radiating to the right shoulder was noted in five patients, but pain was significantly relieved after 2-5 days of analgesic treatment. In 5 patients, intraoperative hemoglobinuria was noted which abated 2-3 days after hydration and urine alkalization. Creatinine and urea nitrogen rose in 6 cases but all returned to normal after 5 days. Intra-and post-operative increases in blood pressure were found in seven patients which were normalized 6-12 h after symptomatic treatment. In 19 patients, moderate nausea and vomiting were observed after TACE + RFA which were relieved after symptomatic treatment, and no evident of nausea or vomiting was noted in the majority of patients. Six patients had hiccups which relieved 2-3 days after symptomatic treatment. Grades 3 and 4 side effects (CTCEA) were not observed after TACE + RFA. 
DisCussion
Surgical resection is the first choice for treatment of large HCC, but the cancer is usually unresectable or the patients often refuse surgery due to the large size of the tumor, improper localization, poor liver function, postoperative complications, and high recurrence rate. TACE is an alternative treatment for unresectable large liver cancer. It can reduce the blood supply to the tumor, and induce tumor necrosis, but TACE may not achieve complete pathological necrosis and the cancer will develop collateral circulation over time. In addition, the edge of a large liver cancer is often supplied by the portal vein, which also affects the efficacy of TACE. Thus, TACE is usually performed repeatedly, with a subsequent increase in the dose of drugs used for embolization and chemotherapy which causes damage to the hepatic blood vessels and liver function. Moreover, repeated TACE may cause stenosis and discontinuation of large blood vessels within the cancer, which may make delivery of the drugs difficult. TACE may cause ischemia and hypoxia in the cancer, leading to the elevation of hypoxia-inducible factor (HIF), which then upregulates vascular endothelial growth factor (VEGF), resulting in intrahepatic recurrence and distal metastasis. Thus, disease control is difficult to achieve, leading to the presence of postoperative residual cancer and high incidence of recurrence, [18] [19] [20] resulting in a poor prognosis.
RFA may cause coagulative necrosis of the cancer by inducing ion oscillation and frictional heat while killing cancer cells. As a minimally invasive treatment for liver cancer, RFA has minimal invasiveness, rapid recovery, and documented efficacy, and has become one of the common treatments for liver cancer. Studies have shown that the 5-year survival of patients with small liver carcinomas after RFA was comparable to that after surgical resection. [4] [5] [6] However, for liver cancers >5 cm in diameter (especially >10 cm), RFA alone usually fails to radically cure the cancer. For patients with large liver cancer, any single interventional treatment is often unable to radically cure the cancer. Evidences showed that TACE combined with simultaneous RFA was superior to TACE alone or RFA alone in the treatment of large HCC, [21] [22] [23] but the timing of combined therapy is still controversial. Some clinicians recommended that RFA should be performed first and subsequent TACE may target the residual cancer to kill cancer cells, [24] while the majority of clinicians recommended that RFA should be performed 1 week to 1 month after TACE because they speculated that RFA would cause damage to the arteries supplying the cancer, which was detrimental to subsequent TACE, and the interval between TACE and RFA might allow recovery of liver function. [25] TACE may cause ischemia and hypoxia in the cancer, leading to the elevation of HIF, which then upregulates VEGF, resulting in intrahepatic recurrence and distal metastasis. Thus, simultaneous RFA following TACE is necessary for radical cure of residual cancer after TACE. [26] In addition, the blood vessels are completely occluded immediately after TACE and the reduction in blood supply is the most obvious within the cancer while heat loss via the circulation is the lowest. Thus, simultaneous RFA immediately after TACE will achieve the largest extent of ablation, which increases the complete ablation rate and reduces the recurrence rate. In addition, simultaneous RFA following TACE may minimize the clearance of lipiodol and angiogenesis within the cancer, which maximizes ablation efficacy. Our previous studies showed that TACE combined with simultaneous CBCT-guided RFA achieved better clinical efficacy in patients with large liver cancer. [10, 27] TACE with RFA may exert synergistic effects on large liver cancer as follows: (1) TACE not only blocks the blood supply to the cancer, but reduces the influence of blood circulation on heat ablation. Lipiodol has a heat conduction effect, which is helpful for the conduction of heat. Thus, the focal temperature may increase rapidly and an even temperature within the cancer may induce complete coagulation necrosis and effectively kill cancer cells. In addition, TACE can be employed to treat lesions that are not identified on the imaging examinations and subclinical lesions; (2) CT with lipiodol shows a high contrast. Comparison of images after TACE with those before TACE allows for precise determination of the regions with poor lipiodol deposition, which improves the safety of puncture. The radiofrequency temperature control system may detect the extent of ablation and the temperature of surrounding organs in a real-time manner, which is helpful for the protection of organs and tissues at risk and avoids the damage to these organs or tissues. Thus, the liver tissues not invaded by the cancer are preserved, which also improves liver reserve capacity; (3) the lipiodol deposition region forms a circle. The heat conduction effect of lipiodol may be employed to concentrate the heat in the lipiodol region and surrounding tissues, [28, 29] forming an "oven phenomenon." This expands the extent of ablation and inactivates the edge of the cancer, which reduces recurrence; (4) the necrotic tissues after RFA may induce immune response to cancer cells; [30, 31] and (5) intensive chemotherapy may exert synergistic effects with heat ablation. Chemotherapeutics may inhibit the tolerance of cancer cells to heat, and RFA will increase the sensitivity of cancer cells to chemotherapeutics; [32] and (6) normal hepatocytes will proliferate after treatment, leading to compensatory enlargement of the liver, which improves liver function and reduces cancer stage.
Precise TACE is important. In this study, TACE + RFA were performed by specialists with at least 5 years of experience in the field. They were skilled at maximizing the identification of collateral circulation. Collateral angiography can be performed at the diaphragmatic artery, intercostal artery, adrenal artery, or the thoracic artery, besides the routine celiac artery and superior mesenteric arteries, if necessary, and super-selective embolization can be achieved. [14, 15] Chemotherapeutics targeting different phases of the cell cycle are recommended, and combined use of chemotherapeutics is preferred. Granule embolization (such as PVA 300-500 μm for permanent embolization) may improve efficacy. The blood vessels should be carefully checked during angiography before embolization, and lipiodol and embolic agents should be slowly and evenly injected to prevent reflux of lipiodol, leading to ectopic embolization. CT is performed immediately after TACE to observe lipiodol deposition. The images are compared with those before TACE + RFA to observe lipiodol deposition, aiming to identify residual lesions. If necessary, enhanced CT may be performed after injection of contrast via the catheterized hepatic artery. Residual lesions are identified and the extent of RFA is determined.
During TACE + RFA, focal anesthesia and intravenous anesthesia are often employed. In routine ablation, pethidine (50 mg) and phenergan (25 mg) may be administered to alleviate pain when ablation is performed close to the diaphragm or the edge of the liver. Focal injection of 1% lidocaine in saline (10-30 ml) will not only attenuate pain, but also reduce impedance, leading to an increase in ablation efficiency. In addition, injection of normal saline (100-500 ml) into the regions surrounding the liver, close to the top of the diaphragm, gastrointestinal tract, and gallbladder will not only attenuate pain, but also achieve isolative effect, which may assure tolerance to long ablation, avoid damage to the surrounding abdominal wall, diaphragm, gastrointestinal tract, gallbladder, and right kidney, and reduce postoperative complications. [33] If fluid fails to be retained in effective spaces in the body, it flows into the abdominal cavity and therefore cannot play a role in isolation. Then, puncture is done with a cone needle to the area beside the stomach, gallbladder, and gastrointestinal tract, and the blunt head of the needle is used to push the cavity organs dorsally, which may protect these organs and also assure sufficient ablation of intrahepatic lesions. In addition, for lesions close to the diaphragm, puncture is performed from caudal to cranial direction to avoid damage to the lung and diaphragm; for lesions close to the gallbladder and pericardium, puncture is done parallel to the gallbladder and pericardium, and vertical puncture should be avoided or it will cause damage to these organs. The distance to the edge of the lesion should be precisely calculated before the use of ablation needle, which may avoid damage to at-risk organs. Patients are asked to hold their breath to avoid damage to the liver capsule. When the needle is withdrawn, hemostasis of needle tunnel should be performed to avoid implantation metastasis via the needle tunnel. [34] Clinicians should also communicate with their patients during the ablation and closely monitor their vital signs.
The major side effect of TACE + RFA is the postembolization syndrome, including postoperative fever, pain, nausea and vomiting, transient liver dysfunction, and hiccups. These side effects will resolve within 2-7 days after symptomatic treatment. In the present study, simultaneous RFA following TACE did not increase the incidence of postembolization syndrome, but attenuated this response. This might be explained by the fact that, as liquefaction necrosis is induced by TACE, simultaneous RFA might induce coagulation necrosis of cancer tissues, which is effective in reducing the absorption of necrotic tissues. Thus, TACE combined with simultaneous RFA would attenuate postembolization syndrome as compared with TACE alone. After TACE, the blood vessels are occluded within the cancerous tissues, which reduce the risk of hemorrhage. Nevertheless, if damage is caused to the intercostal vessels, blood vessels in the liver capsule, and phrenic vessels during RFA, it is not necessary to move the patient, and clinicians may perform hemostasis by embolization under the guidance of DSA of SIEMENS Miyabi DSA-CT. Under this condition, ablation may stimulate the diaphragm and pleura to cause a responsive effusion. Intraoperative hemoglobinuria was noted in five patients, which might be related to the use of contrast, extensive cancer necrosis after ablation, and subsequent occlusion of renal tubules by macromolecules. The hemoglobinuria resolved within 2-3 days after hydration and urine alkalization treatments, and severe complications such as renal failure were not observed. In the present study, skin burn was not observed. The electrode should be attached to the base of the leg where the soft tissues are the thickest. The site where the electrode is placed should be monitored during TACE + RFA, and ice should be applied to lower the focal temperature, if necessary.
This was a retrospective, single-arm study without a tight comparative parallel-controlled group, including TACE alone group or RFA alone group, which should be improved in the future research. The sample size in the present study was small, and we need to carry out further multicenter studies with a large simple size and longer follow-up. However, this study had an advantage in the results of MST, PFS, and survival rates over the findings of other research, whose treatment methods included TACE alone or RFA alone. The novelties of the present study were as follows: first, this study focused on large (>5 cm in diameter) and huge (>10 cm in diameter) HCC, of which the treatment was even more complicated. Second, previous studies mainly investigated sequential treatment with TACE and RFA at an interval of 1-3 weeks, with TACE being performed first, and others arranged RFA first, while this study was TACE combined with simultaneous RFA.
In conclusion, TACE + RFA is an effective, safe, and precise technique for the treatment of large HCC and could improve the focal control rate and survival rate. Thus, this technique is worthy of being promoted in clinical practice.
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